Applications of Electro-Rheological (ER) or Magneto-Rheological (MR) fluids as typical smart materials have been widely investigated over the past decades (since their introduction in 40's). The special applications of these materials as a means of noise suppression are not yet investigated. Constrained Layer Damping (CLD) sheets can be realized by incorporating EMR (ER/MR) materials. In this way, a multilayered damping sheet is obtained with adaptive (tunable) stiffness and damping characteristics. These properties are easily changed in proportion to the electric (magnetic) field applied upon the EMR layer. This notion has been introduced for semi-active vibration control problems. Herein, such panels incorporating EMR material are proposed for adaptive acoustic treatments. Modeling (simulation) of a 3-layered panel with the middle layer being EMR with adjustable properties is carried out in this paper. The tunability of transmission/absorption characteristics of these composite sheets enables us making smart panels for adaptive noise and acoustic treatments. An adaptive performance can be achieved via changing the properties of such panels, on line, according to some sensor outputs. The main objective is to develop proper models to predict the Transmission Loss (TL) of such panels. Also, the TL of this panel is compared with the middle layer of a Newtonian fluid.
tro-Rheological/Magneto-Rheological) fluids to make advanced smart structures use composite members filled with EMR fluids.
When an EMR material is subjected to an external field (electric/magnetic field), its acoustical properties and rheological behavior changes. The material resistance to flow increases with increasing electric/magnetic field. This is caused by a significant increase in the viscosity of these materials. EMR fluids can change from a fluid (similar to oil) when no field is applied, to a solid gel almost instantaneously (in few milliseconds) when subjected to a strong electric/magnetic field [1] [2] .
This change is a reversible process. EMR fluids that are solidified under an electric/magnetic field start to flow again by removing those fields or by applying a shear stress, which exceeds a threshold value (yield stress).
Many common fluids (e.g. air, water and liquid metals) behave as Newtonian fluids where shear stress is proportional to shear rate. The ratio of shear stress to rate of deformation (i.e. the shear viscosity coefficient) is virtually constant.
The real behavior of EMR fluids is of course non-Newtonian. The mass and momentum balance equations governing the behavior of Newtonian fluids are the same for non-Newtonian fluids. However, the constitutive equations (stress/strain relationships) are different. The relation between shear stress and rate of deformation is no longer linear.
In this paper, it is assumed that the EMR material obeys the Bingham plastic model. When the field is sufficiently strong, the material stands shear stresses up to a point after which it yields and follows then a Newtonian behavior. Both the yield stress and the viscosity are field dependent [2] .
These properties have led to the design of adjustable or adaptive devices. The traditional ideas of semi-active tunable dampers (shock absorber or engine mount) and EMR clutch is based on the field controlled viscosity [3] [4]. The field controlling solid characteristics has been the basis of notions used in adaptive structures and viscoelastic damping treatments [5] .
A smart/adaptive acoustic panel can also be made by using EMR layers incorporated into the traditional passive multilayered panels. The acoustic properties can then be manipulated according to the required performance in real time simply with the application of proper field. The development of such smart panels supports the design and implementation of modern Active Noise Control (ANC) systems.
Tang et al. [6] experimentally studied the transmission of sound through a triple-layered panel consisting of two plastic plates with an ER mid-layer. The direction of electrical field was parallel to the panel surface so that the wave propagation was perpendicular to the field. Results showed that the effect of electrical field on the SPL (Sound Pressure Level) depends on the plates dimensions. For a plate size of 90 × 90 mm 2 , SPL increases with the increasing of the electric field. But for a 20 × 20 mm 2 plate, the increasing of the field makes the SPL decreases. Hence, the TL values increase accordingly. Wherever, for a plate size of 40 × 40 mm 2 , the TL values increase with the increasing field at higher frequencies and decrease at lower frequencies. They also investigated the sound transmission through a triple-layered panel made of two flexible electrodes containing a middle layer of ER fluid [7] .
Tang and Lee [8] conducted experiments in which low frequency sound transmission through an ER fluid layer with plastic-aluminum electrodes was investigated. The results showed that, in the 80 -210 Hz frequency range, the SPL values decrease with increasing the field, while within 210 -300 Hz, they increase with the electric field.
Recently, Tan [9] presented hybrid compliance-stiffness matrix method for stable analysis of elastic wave propagation in multilayered anisotropic media. He also studied matrix algorithms for modeling acoustic waves in piezoelectric multilayers [10] . Also, he presented recursive asymptotic hybrid matrix method for acoustic waves in multilayered piezoelectric media [11] .
An Attempt is made here to simulate the acoustical performance of a double panel containing EMR liquid. The main objective is to develop proper models to predict the Transmission Loss (TL) of such panels.
Here, wave propagation through the panel is simulated using classical equations governing over layers of solid and liquid media applying appropriate boundary conditions at interfaces.
Wave Propagation in Viscous Fluid
The equations for the wave propagation in a continuum are derived combining three fundamental equations: continuity equation(s), equation(s) of motion and state equation(s). We will go through the derivation of these equations for a compressible viscous fluid.
The Equation of Continuity
Consider flow of a compressible fluid through a small rectangular-parallelepiped element (volume), shown in Figure 1 . It is assumed this volume is fixed in space and the fluid flows through it in one-dimension, namely, " x ". The net mass flow rate through the element surfaces must equal the rate of mass increase within the volume. Hence, continuity leads to (
).
In the limit as Δ 0
Equation of Motion
The volume is now demonstrated in Figure 1 which is now used to derive the equation of motion. The time rate of the change of linear momentum is equal to the resultant force acting on the body, therefore (
.
From Equations (5) and (6), the one-dimensional form of the equation of motion is obtained.
The Equation of State
For fluids or gasses the equation of state relates to pressure can be expressed as a function of density and entropy. It is found experimentally that acoustic processes are nearly adiabatic. Under these conditions, the entropy of the fluid remains nearly constant. Then the process is a function of density alone. For fluids, it is preferable to determine experimentally the relationship between pressure and density. A Taylor's expansion is written as 
The coefficients , A B are determined experimentally or from under analyses. From some derivation coefficient A is equal to 2 c ρ   . Excess pressure or acoustic pressure and excess density is given in form
From Equations (8) and (9), it can be written in form
Linearization
The variables associated with sound waves include excess pressure, excess density and particle velocity which may be assumed to be small quantities of first order. First it is assumed
From Equations (3) and (9), it can be written as 0.
The second and fourth terms are second-order terms. If the first-order terms are small, then the second-order terms can be neglected. Therefore
Also from Equations (7), (9) and (10) 
The Wave Equation, Linearized Viscous Case
The linearzed viscous wave equation can be derived combining three equations, (13) , (14) and (15) . Differentiating Equation (13) 
In the same way, Equations (14) and (15) 
The shear viscosity coefficient, µ , is usually documented for many fluids, but the dilatational viscosity coefficient, λ , is not directly measured. Therefore, by Stoke's condition, 
Harmonic Solutions to the Wave Equation
Assume only the wave propagation in positive direction, first. The complex form of the harmonic solution for the particle velocity in Equation (20) is νω ω 
From Equations (21) and (26), the wave propagation equation in negative and positive directions is written as
From Equations (17) and (30), the time harmonic solution for the acoustic pressure is determined,
where ( )
Specific Acoustic Impedance
The ratio of acoustic pressure to the associated particle speed is defined as the specific acoustic impedance, i.e.
From Equations (30), (31) and (33), the specific acoustic impedance for medium of the viscous fluid is determined. Therefore, 
For an inviscid (frictionless) fluid, Equation (40) is restated as
Infinite Double-Layer Partitions
The panel (structure) to be considered is shown in Figure 2 composed of two impervious layers and the middle filled with viscous fluid (EMR, virtually). In Figure 2 , a normal plane wave is assumed incident onto the first layer, passing through and coming out from the right hand side of the second layer. Impedance method is used to derive the ratio of incident pressure to transmitted pressure, and then, the transmission loss of the Interface [12] . The ratio of incident pressure to pressure on the surface of the left layer is equal to one [13] [14]
Also, 1 2 . The layers will be assumed to have no stiffness so that their impedance can be represented by jωσ [14] . Thus, from Equations (42) and (43) ( ) 
The Sound Transmission Coefficient (STC) is the fraction of sound power transmitted through a partition. Here,
Transmission loss is a measure of the sound insulation provided by a partition defined as follows
Equivalently, 2 2 TL 10 log .
The relations stated so far, can now be employed to evaluate the TL of smart double panels incorporating a middle layer of EMR fluid. The effect of applied field appears in the variation of EMR material properties: ρ , c , ν and σ .
Results and Discussion
For the comparison, the values of transmission loss for typical MR fluid (LORD MRF-241ES) [15] , ER fluid (SILICONE OIL + PNQR polymer particles), water, and air space, at four layer thicknesses is calculated using MAPLE.8. The input data used in the computations is tabulated in Table 1 .
The TL values for 1/3 octave band (20 Hz -20 kHz) is computed and plotted in Figures 3-6 . To investigate the effect of field on the TL, the results for the double panel including ER material are also plotted (TL versus field strength, Figure 7) .
The following comments can be made based on the results shown in the figures. The insulation obtained by the air-space is quite good in the frequency range above 1100 Hz. However, using EMR layer with proper thickness (d), a more uniform performance is achieved over the entire frequency range.
Taking an appropriate thickness (d) is of great importance to reach particular design objectives. For instance, d = 0.03 here. The use of EMR moves the mass-fluid-mass resonance and the cavity-resonance frequencies farther, beyond the audible range. This might be an advantage.
Use of EMR filled panel may also benefit over the low frequency range for which insulation is rather difficult. The point in any application of such EMR filled panels are their adaptive characteristics. This tunability makes it easy to overcome tradeoffs faced in the design with passive treatments. For the results demonstrated in Figure 7 , the panel performance hardly changes below 4 kHz. However, above this frequency the effect of field grows significantly. Further theoretical and experimental investigations are needed to develop this effect more quantitatively.
Conclusion
The acoustic performance of double panels filled with EMR fluid as insulators was investigated. The required relations to formulate the transmission loss associated with a multilayered panel were presented. The EMR material was assumed to maintain its liquid state. However, the material viscosity was field dependent and could be adjusted with the application of appropriate electric/magnetic field. 
